In this article, we describe our successful fabrication of a CeO 2 metal-insulator-metal ͑MIM͒ capacitor with a low voltage nonlinearity. A low leakage current of 3.9 ϫ 10 −7 A/cm 2 at −1 V and a small VCC-␣ ϳ 421 ppm/V 2 were obtained at a high 10.8 fF/m 2 density for a Pt/CeO 2 /TaN MIM capacitor. The small VCC-␣ for a 15 nm thick CeO 2 dielectric ͑ ϳ 20͒ was much better than the reported dielectrics of HfO 2 , Tb-HfO 2 , and Al 2 O 3 -HfO 2 at a similar -value ͑15-20͒. The good analog performance was due to the combined effect of the CeO 2 dielectric and the high work-function metals. The technology roadmap for metal-insulator-metal ͑MIM͒ capacitors, which are used for analog and radio-frequency ͑rf͒ functions in integrated circuits, specifies a continuing increase in the capacitance density 0 /t and lower leakage currents. Besides the high capacitance density and low leakage current necessary, the limited thermal budget ͑Ͻ400°C͒ for back-end integration and a small voltage dependence of capacitance ͑⌬C/C 0 ͒ are also necessary for analog functions. To achieve this, the MIM devices have evolved by using high-dielectrics such as SiN, CeO 2 is one of the attractive rare earth metal oxide that has many merits such as a high dielectric constant ͑ϳ26͒ and moderate conduction band offset ͑ϳ0.75 eV͒. 13 Here, we successfully fabricated a CeO 2 MIM capacitor with high work-function electrodes of Ir ͑ϳ5.27 eV͒ and Pt ͑ϳ5.6 eV͒. The capacitance densities of 12.3 and 10.8 fF/m 2 and the corresponding low quadratic voltage coefficients of capacitance ͑VCC-␣͒ of 581 and 421 ppm/V 2 at 500 kHz were measured for Ir/CeO 2 /TaN and Pt/CeO 2 /TaN MIM capacitors, respectively. The good analog performance is attributed to the dielectric properties and the use of high work-function metals.
The technology roadmap for metal-insulator-metal ͑MIM͒ capacitors, which are used for analog and radio-frequency ͑rf͒ functions in integrated circuits, specifies a continuing increase in the capacitance density 0 /t and lower leakage currents. Besides the high capacitance density and low leakage current necessary, the limited thermal budget ͑Ͻ400°C͒ for back-end integration and a small voltage dependence of capacitance ͑⌬C/C 0 ͒ are also necessary for analog functions. To achieve this, the MIM devices have evolved by using high-dielectrics such as SiN, 1 CeO 2 is one of the attractive rare earth metal oxide that has many merits such as a high dielectric constant ͑ϳ26͒ and moderate conduction band offset ͑ϳ0.75 eV͒. 13 Here, we successfully fabricated a CeO 2 MIM capacitor with high work-function electrodes of Ir ͑ϳ5.27 eV͒ and Pt ͑ϳ5.6 eV͒. The capacitance densities of 12.3 and 10.8 fF/m 2 and the corresponding low quadratic voltage coefficients of capacitance ͑VCC-␣͒ of 581 and 421 ppm/V 2 at 500 kHz were measured for Ir/CeO 2 /TaN and Pt/CeO 2 /TaN MIM capacitors, respectively. The good analog performance is attributed to the dielectric properties and the use of high work-function metals.
Experimental
The CeO 2 MIM capacitors were fabricated on standard Si wafers. To permit back-end very-large-scale integration, the process began with depositing a 2 m thick SiO 2 isolation layer on the Si substrates. Then 50 nm TaN was deposited on a 200 nm Ta layer by sputtering, and the Ta/TaN bilayers were used as a bottom electrode, where the thick Ta was chosen to reduce the parasitic resistance of the electrode. After patterning the bottom electrode, the TaN electrode was treated first by a NH 3 plasma nitridation at 100 W for 10 min to improve the bottom surface [14] [15] [16] before the dielectric deposition and post deposition annealing ͑PDA͒. Sequentially, the 15 nm thick CeO 2 films were deposited by sputtering in a 4:1 Ar/O 2 gas mixture at a total pressure of 10 mTorr. After dielectric deposition, a 400°C PDA followed in an oxygen ambient to reduce the defects and the leakage current. As reported in the electron spectroscopy for chemical analysis by Wang et al., an appropriate PDA could make the cerium oxide become more stoichiometric. 17 Finally, the 20 nm Ir and Pt top electrodes were deposited and patterned by a metal mask with a capacitor size of 180 ϫ 180 m. The fabricated devices were characterized by capacitance-voltage ͑C-V͒ and current density-voltage ͑J-V͒ measurements using an HP4284A precision LCR meter and an HP4156C semiconductor parameter analyzer, respectively. −7 A/cm 2 , respectively. The Pt-electrode MIM capacitor shows a low leakage current and a small frequency dispersion. This is because the higher work function ͑5.6 eV͒ of Pt than that ͑5.27 eV͒ of Ir forms a higher Schottky barrier height ͑SBH͒ to reduce the carriers from gate injection and hence a lower leakage current and frequency dispersion. The Ir top electrode gives a slightly larger capacitance than the Pt electrode, which may be due to the space charge effect caused by different work function. 18 A comparison with other capacitors reported previously is summarized in Table I .
Results and Discussion
The voltage nonlinearity for MIM capacitors is a key index for rf/analog applications. The VCC-␣ characteristics can be obtained by fitting the measured C-V characteristics with a second-order polynomial equation
Here C 0 is the capacitance at 0 V, while VCC-␣ and VCC-␤ represent the quadratic and linear voltage coefficients of capacitance, respectively. Because the linear ␤ term can be compensated by circuit design, the quadratic ␣ is the main factor to lead to the unwanted voltage-dependent capacitance variation ͑⌬C/C 0 ͒. For analog performance of CeO 2 MIM capacitors, the ⌬C/C 0 -V characteristic dependence on work function of the electrodes is shown in Fig. 2a and b. The top electrode of Ir replaced by the higher work-function Pt can reduce the VCC-␣ from 932 to 560 ppm/V 2 at 100 kHz and from 581 to 421 ppm/V 2 at 500 kHz, respectively. The lower VCC-␣ by using a Pt is possibly because of the higher barrier height decreasing the free carrier injection to give a small VCC-␣.
It is well known that VCC is inversely proportional to the square of dielectric thickness 19 and strongly dependent on capacitance density and applied electric field. To understand the VCC characteristic for different dielectrics, we compare to HfO 2 -based dielectrics with a similar -value here. As seen in Table I , at a similar -value of ϳ20, the unacceptably high VCC-␣ values of 1990 and 2667 ppm/V 2 are obtained for Al 2 O 3 -HfO 2 and Tb-HfO 2 capacitors, respectively. However, the CeO 2 capacitor with high workfunction electrodes ͑Ir or Pt͒ shows much lower VCC characteristics than these high-MIM capacitors.
The voltage nonlinearity is believed to be related with film thickness, interface quality between dielectrics, and the work function of electrodes. To investigate the phenomenon of voltage nonlinearity in z E-mail: raymondchengu@hotmail.com Electrochemical and Solid-State Letters, 13 ͑1͒ H16-H19 ͑2010͒ CeO 2 MIM capacitors with different metal electrodes, we adopt the VCC model based on an electrode polarization mechanism reported recently. 20 The VCC model has been successfully used to explain the experimental results of HfO 2 MIM capacitors. 20, 21 The electrode polarization mechanism implied that mobile charges form an accumulation layer at electrodes, leading to a voltage-dependent doublelayer capacitance to affect the voltage linearity with an applied electric field. 20 The mobile carriers involved in the formation of the double layer were appealed to be free electrons that are injected at the electrodes or to be oxygen vacancies that are inherently created during oxide growth. 22 The model can be expressed as 20,21
where C m is the capacitance in the absence of electrode polarization, C m = 0 r A/t ox , A is the area of the top electrode, t ox is the dielectric thickness, and n is an exponent introduced for a Jonscher response, which means the Debye response ͑ 2 2 ͒ is substituted by the Jon- 
According to Eq. 2 and 3, the ⌬C/C 0 should decrease with frequency ͑ −2n ,0 Ͻ n Ͻ 0.5͒ and increase with the leakage current ͑ 0 2n ͒. 20 The capacitance at constant voltage as a function of frequency ͑ln͓⌬C͑ f͒/C 0 ͔ ϳ ln f͒ is plotted in Fig. 3b . The two fitted slopes in Fig. 3a give the value of 2n, which is 0.25 and 0.17 for Ir and Pt metal electrodes, respectively. The ⌬C/C 0 can be well fitted with an exponential distribution, which gives the exponential factor nqEs/k B T, and the hopping distance ͑s͒ is calculated using the value of n. Thus, the density of defects may be estimated to be N Ϸ 1/s 3 . 20 After calculating N, the defect density for the Pt/CeO 2 /TaN capacitor ͑N ϳ 3.3 ϫ 10 −18 cm −3 ͒ is 1 order of magnitude lower than that for the Ir/CeO 2 /TaN capacitor ͑N ϳ 8.3 ϫ 10 −19 cm −3 ͒, suggesting that the high work-function Pt metal with a higher SBH can increase the relaxation time of mobile charges, which is responsible for capacitance variation and frequency dispersion, and hence reduce the ⌬C/C 0 . A study on the leakage conduction is measured from 25 to 125°C as shown in Fig. 4a . The leakage current at −1 V of a 400°C formed Ir/CeO 2 /TaN capacitor increased from 3 ϫ 10 −7 to 1.5 ϫ 10 −6 A/cm 2 . The small thermal leakage variation may be attributed to the higher barrier height between Ir metal and CeO 2 film. To understand the conduction mechanism with applied electric field, we plotted ln͑J/T 2 ͒ vs E 1/2 for the Ir/CeO 2 /TaN MIM capacitors
͓5͔
Here K ϱ is the high frequency dielectric constant ͑ = n 2 ͒. The ideal refractive index n is 2.3 for CeO 2 , 23 and is 1 or 4 for Schottky emission ͑SE͒ or Poole-Frenkel ͑PF͒ conductions, respectively. From the ln͑J/T 2 ͒ − E 1/2 plot in Fig. 4b , the conduction mechanism of leakage current seems to be dominated by SE at low electric field and the calculated result presents that the SBH ͑ b ͒ is ϳ0.74 eV at forward bias. Because the conduction mechanism at high electric field is governed by PF emission caused by the defects in the dielectric, we plot ln͑J/E͒ vs 1/KT in Fig. 4c to extract trap energy. Using the fitted slopes from experimental data, the trap energy of ϳ0.24 Ϯ 0.01 eV can be extracted accurately.
As shown in Fig. 5 , the TiO 2 -based binary oxides of TiTaO and TiHfO exhibit a better trend than pure oxides. This is because the higher-TiO 2 dielectrics [13] [14] [15] [16] can provide a thicker film to improve the leakage performance and voltage nonlinearity. CeO 2 dielectrics have more potential than HfO 2 and Tb-HfO 2 dielectrics in the VCC improved engineering. Thus, increasing the film thickness of CeO 2 or mixing with TiO 2 dielectrics to reach the International Technology Roadmap for Semiconductors ͑ITRS͒ requirement can seemingly be expected.
Conclusions
In this study, a high capacitance density and a small VCC nonlinearity have been achieved in ͑Ir or Pt͒/CeO 2 /TaN MIM capacitors. We point out the importance of a high work-function electrode for the voltage nonlinearity, which can be explained by a VCC model based on an electrode polarization mechanism. The obtained performance for a 400°C processed CeO 2 MIM capacitor not only has a high capacitance density but also a low capacitance variation in comparison with HfO 2 -based dielectrics. Besides, it may be a good choice for the VCC tuning to use the CeO 2 dielectric as a mixed oxide or laminated layer. 
